Asparagine is present in the mature leaves of young pea (Pisum sativum cv Little Marvel) seedlings, and is synthesized in detached shoots. This accumulation and synthesis is greatly enhanced by darkening. In detached control shoots, '4Claspartate was metabolized predominantly to organic acids and, as other workers have shown, there was little labeling of asparagine (after 5 hours, 3.1% of metabolized label).
Asparagine is a major transport form of N in many plants, including legumes such as lupin (1) and pea (20) . Asparagine synthetase (EC 6.4.5.4), catalyzing the glutamine-dependent amidation of aspartate, is active in germinating seedlings (9, 15, 17) , but there is some question about the synthesis of asparagine in older, nongerminating tissue. '5N-Labeling patterns in pea leaves (2, 3) and spinach (21) are consistent with the operation of asparagine synthetase, yet there are some difficulties in the acceptance of this pathway. '4C-Labeled aspartate is a poor precursor for asparagine in pea roots (13) and soybean cotyledons (17) . Active preparations of asparagine synthetase have been obtained only from cotyledonary tissue (9, 15, 17) . Some activity was detected in corn roots (18) , but presence of an aspartatedependent synthesizing system in mature leaves has not been reported. Cyanide can be incorporated into asparagine (see 10) and enzymes ofthe ,3-cyano-alanine pathway have been detected, ' Supported by a grant to K. W. J. from Natural Sciences and Engineering Research Council of Canada.
for example in Asparagus (4) . However, the enzymic properties and physiological concentrations of substrates have lead a number of workers to doubt that this can be a major route for asparagine synthesis (17) (18) (19) . The principal argument in favor of the cyanide pathway is the inability to detect asparagine synthetase in Asparagus tissue (4) .
Although the level of asparagine decreases in mature pea leaves, presumably due to selective export (20) , labeling data suggests that pea leaf tissue is capable of asparagine synthesis (2) . This has been confirmed here by analysis of detached shoots; aspartate can be shown to be an asparagine precursor if a transaminase inhibitor is used to prevent the rapid equilibration of aspartate carbon with the organic acid pool. The presence of a potent asparagine synthetase inhibitor, detected in pea leaves and Asparagus shoots, may account for the inability to detect the enzyme in these and other tissues.
MATERIALS AND METHODS
Plants of Pisum sativum (cv Little Marvel) were grown in nutrient solution, with 4 mm nitrate, as described earlier (3) and were used when the fifth leaf reached one-half full expansion. Samples for analysis were taken after 4 h of the daily (12 h) light period. For feeding experiments, shoots were cut under water, rinsed, and transferred to solutions as described.
Lupinus albus seeds were treated 5 min with dilute hypochlorite, rinsed, soaked with aeration 10 to 14 h, and germinated 5 d in vermiculite at 25°C.
Asparagus officinalis tissue consisted of whole seedling shoots, grown from seed for 4 weeks after germination, or the expanding shoots from a rootstock, taken when branches, but not individual cladodes, were unfolding.
Analysis. Tissue was ground briefly in 3 volumes water and then further ground after addition of a solution of 5-sulfosalicylic acid (final concentration, 50 mg/ml). Samples were clarified by centrifugation, brought to pH 2, and aliquots were analyzed with a Beckman 11 9BL amino acid analyzer (7) .
'4Carbon was detected by liquid scintillation counting. Labeled amino acids were estimated using the analyzer and counting effluent fractions; ninhydrin flow was considerably reduced so that peaks could be identified in the effluent but colour development did not interfere with counting. 10 mM; ATP, 10 mM; MgCI2, 10 mM; glutamine, 1 or 2 mM. Assays were performed in 1.5-ml plastic centrifuge tubes, and were incubated for up to 1 h at 30°C. Reactions were terminated by addition of 0.1 ml 5-sulfosalicylic acid (300 mg/ml) and centrifugation. Aliquots of supernatant were analyzed for asparagine content.
RESULTS
Aspargine Accumulation in Pea Shoots. Initial attempts to demonstrate the presence of asparagine synthetase in pea tissues were unsuccessful. We therefore looked for conditions under which synthesis and accumulation were clearly demonstrated, to provide a tissue for investigation of the synthetic mechanism.
Detached pea shoots were supplied with a range of possible asparagine precursors including aspartate, ammonium, and glutamine, at concentrations up to 20 mm. None ofthese treatments consistently increased the asparagine content during a 6-h incubation. Although asparagine has been described as a product of ammonia detoxification, the response to high ammonia was a massive synthesis ofglutamine (10-to 20-fold increase over 6 h). Longer (24 h) incubations gave rather variable results, although there was some indication of asparagine accumulation in treatments containing ammonium plus aspartate, as also found by Stewart (16) .
More consistent and dramatic accumulations of asparagine were found in darkened plants. After 2 to 3 d darkness, there was a considerable increase of asparagine in leaves of intact plants; this was due to synthesis in leaf tissue since the accumulation also occurred in detached shoots when darkened (Table  I) . Asparagine levels showed considerable variation between plants, but there was a substantial (7- Aspartate as a Precursor for Asparagine. To determine whether asparagine synthetase could be operating, the ability of aspartate to act as an asparagine precursor was investigated. Under normal conditions, relatively small amounts of aspartate ('4C label) are incorporated into asparagine, and much of the carbon appears in the organic acid pool. This probably results from an equilibration through transamination. Inhibition of transamination, in a situation where asparagine synthesis is enhanced, should provide an optimum situation for detection of aspartate incorporation (Table II) . In all treatments (shoots from intact plants, illuminated or darkened shoots), addition of aminooxyacetate resulted in a large reduction of labeling of the organic acid fraction and retention of much of the label in the supplied aspartate. The inhibitor treatment also reduced the flow of label into some other amino acids, such as glutamate, which would be formed from the organic acid pool. In contrast, labeling of asparagine was enhanced several-fold by inhibitor treatment, (Table III) . A similar inhibitor was present in young seedlings and expanding shoots ofAsparagus (Table III) .
DISCUSSION
Asparagine plays a major role as transport and storage compound in pea plants. Investigation of nitrogen turnover (3) and the metabolism of asparagine (5, 12) show that, for peas at least, asparagine is not a 'dead end' product (1 1). Less is known of the synthetic pathway for asparagine, which is made in roots (since it is a component of xylem sap) and also in shoots, as shown here. Synthesis and accumulation appear to be under metabolic control, since a dramatic accumulation can be initiated by darkening of pea shoots (Table I ). This response does not seem to be a mechanism for detoxification of ammonia, which was at normal levels in the darkened tissue. Feeding experiments showed that glutamine synthesis was the most immediate response to high ammonia, and in fact glutamine levels were quite low in dark conditions.
The principal path for asparagine synthesis is thought to be through the action of asparagine synthetase (10) Asparagus (4) , there are a number of objections (including the kinetic properties of the enzymes in relation to the physiological concentrations of their substrates) which suggest that the pathway is only operative in cyanide detoxification (10) . The major argument in favor of the ,8-cyano-alanine path is the absence of asparagine synthetase in Asparagus tissue. The demonstration of a powerful asparagine synthetase inhibitor in Asparagus and pea weakens this argument and may account for the inability to detect the enzyme in some tissues. An inhibitor has also been detected in germinating mung bean seedlings (8) and explained the decline of measurable asparagine synthetase in the aging cotyledons. However, unlike the inhibitor described here, the factor from mung beans was nondialyzable, and heat labile. Investigations on the nature and role of the pea inhibitor are continuing. It will be of particular interest to determine whether the substance may play a regulatory role in vivo, or acts fortuitously as inhibitor only during tissue disruption. It is clear, however, that the inability to assay asparagine synthetase in plant extracts cannot be taken as certain evidence that the enzyme is inoperative in the intact tissue.
